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The homeobox transcription factor Mtx2 is essential for epiboly, the first morphogenetic movement of gastrulation in zebrafish. Morpholino
knockdown of Mtx2 results in stalling of epiboly and lysis due to yolk rupture. However, the mechanism of Mtx2 action is unknown. The role of
mtx2 is surprising as most mix/bix family genes are thought to have roles in mesendoderm specification. Using a transgenic sox17-promoter driven
EGFP line, we show that Mtx2 is not required for endoderm specification but is required for correct morphogenetic movements of endoderm and
axial mesoderm. During normal zebrafish development, mtx2 is expressed at both the blastoderm margin and in the zebrafish equivalent of
visceral endoderm, the extra-embryonic yolk syncytial layer (YSL). We show that formation of the YSL is not Mtx2 dependent, but that Mtx2
directs spatial arrangement of YSL nuclei. Furthermore, we demonstrate that Mtx2 knockdown results in loss of the YSL F-actin ring, a
microfilament structure previously shown to be necessary for epiboly progression. In summary, we propose that Mtx2 acts within the YSL to
regulate morphogenetic movements of both embryonic and extra-embryonic tissues, independently of cell fate specification.
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Gastrulation generates the three primary germ layers of
ectoderm, mesoderm and endoderm during vertebrate develop-
ment (Concha and Adams, 1998; Leptin, 2005). The morpho-
genetic movements of gastrulation have been described in detail
(Kodjabachian et al., 1999; Montero and Heisenberg, 2004;
Myers et al., 2002; Warga and Kimmel, 1990) and recent work
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doi:10.1016/j.ydbio.2007.10.050proven highly informative (Hsu et al., 2006; Kane et al., 2005;
Machingo et al., 2006; Ulrich et al., 2005). Epiboly, the first
morphogenetic movement of teleost gastrulation, was first
described more than a century ago (Morgan, 1895). However,
the mechanisms and forces that drive epiboly are only now
being identified (reviewed in Montero and Heisenberg, 2004;
Solnica-Krezel, 2006).
Prior to epiboly, the zebrafish embryo undergoes meroblastic
cleavage to generate a blastoderm cap on top of a single large
yolk cell. The blastoderm consists of a superficial cell layer
known as the enveloping layer (EVL), and a deep cell layer
(DEL), which is initially about four cells thick (Kimmel et al.,
1995). Shortly after the onset of zygotic transcription,
blastomeres at the boundary with the yolk cell collapse to
release their nuclei into a syncytium known as the yolk
syncytial layer (YSL). Only the DEL cells contribute to the
embryo proper, whereas the extra-embryonic YSL and EVLc. All rights reserved.
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developing embryo. Thus, the YSL role is analogous to that of
visceral endoderm in mouse (Cooper and Virta, 2007).
Epiboly begins at dome stage (4.33 hours post fertilization
(hpf)) with the doming upwards of the yolk under the blastoderm
(Kimmel et al., 1995). This doming is likely to provide a
stimulus force to the cells of the DEL that results in radial
intercalation and subsequent spreading and thinning of the
blastoderm over the yolk (Solnica-Krezel, 2006). Radial
intercalation requires changes in cell adhesion between DEL
cells, as evidenced by embryos mutant for half baked (hab),
encoding E-cadherin, where the EVL and YSL complete epiboly
but the DEL does not (Kane et al., 2005; Shimizu et al., 2005).
Evidence for an active role of the YSL in the progression of
epiboly dates back to the work of Trinkaus (1951), who showed
that the YSL of Fundulus heteroclitus embryos progresses
through epiboly even after removal of the blastoderm cap. More
recently, it was shown that YSL nuclei (YSN) undergo highly
patterned, orchestrated movements analogous to those of the
overlying DEL during gastrulation (D'Amico and Cooper,
2001). This strongly suggests that gastrulation movements of the
YSL and overlying DEL cells are physically linked. It has also
been shown that tight junctions exist between the YSL and the
EVL at the blastoderm margin (Koppen et al., 2006). As these
layers both move vegetally during epiboly, the movement of the
EVL and YSL are likely to be interdependent (reviewed in
Rohde and Heisenberg, 2007).
The importance of the yolk cytoskeleton in driving teleost
epiboly is highlighted by experiments that modulate micro-
tubules and microfilaments of the YSL and yolk cell (Table S1;
Betchaku and Trinkaus, 1978; Cheng et al., 2004; Koppen et al.,
2006; Solnica-Krezel and Driever, 1994; Strahle and Jesutha-
san, 1993; Zalik et al., 1999). Interestingly, both stabilization
and depolymerization of microtubules (by taxol and nocodo-
zole, respectively) result in failure of epiboly. Likewise, ablation
of microfilaments (by cytochalasin B or Dibromo-BAPTA)
results in similar failure of the blastoderm to close over the
vegetal part of the yolk. Recently, chemical inhibition of myosin
2 by blebbistatin demonstrated a role for myosin 2 in epiboly
movements. As myosin 2 co-localizes with actin in the YSL,
actin–myosin 2 interactions may be responsible for the
contractility of the YSL (Koppen et al., 2006). In addition to
the contractile role of microfilaments, it has also been shown
that a punctate actin band within the yolk is co-localized with a
domain of active endocytosis (Cheng et al., 2004; Solnica-
Krezel and Driever, 1994). This endocytic domain is thought to
internalize the yolk membrane ahead of the advancing EVL
margin during epiboly (Cheng et al., 2004). Endocytosis has
also been shown to mediate cell migration during Drosophila
gastrulation (Oda et al., 1998; Wang et al., 2006). This work
suggests that endocytosis may modulate cell–cell adhesion, but
little else is known about the critical components of endocytic
pathways, or their regulation, during gastrulation and the exact
role of actin microfilaments in this process is not clear (Cheng et
al., 2004).
Mix-type homeobox 2 (encoded by mtx2) is a member of the
mesoderm-inducing and brachyury induced homeobox (Mix/Bix) transcription factor family (Hirata et al., 2000). Mix.1, the
founding member of the family, was discovered as an activin-
induced transcript in animal cap assays in Xenopus laevis
(Rosa, 1989). Mix genes were independently isolated as bra-
chyury-induced homeobox genes (bix) using a hormone-
inducible brachyury construct and subtractive hybridization to
search for inducible target genes (Tada et al., 1998). Transcrip-
tion of all mix/bix family members begins soon after the
initiation of zygotic transcription at the mid-blastula transition
(MBT). Mix.1 is expressed in the vegetal region and the
marginal zone, becoming localized to the ventral side of the
Xenopus embryo predominantly within the prospective endo-
derm and mesoderm (Mead et al., 1998; Tada et al., 1998). The
rediscovery ofmix.1 in a screen for factors that pattern or induce
ventral mesoderm (ventralizing factors) led to a proposed role
for mix genes in mesodermal patterning (Peale et al., 1998).
Other mix homeobox genes, including mix.2, mixer/mix.3, and
bix1/mix.4, have also been reported to have ventralizing activity
(Mead et al., 1998; Tada et al., 1998).
The first mix gene isolated in zebrafish using a degenerative
PCR approach was named zebrafish mixer (z-mixer) as it was
most closely homologous to Xenopus mixer (x-mixer) (Alex-
ander et al., 1999). Z-mixer expression was found to be transient
and similar to that of the zebrafish brachyury homologue, no
tail (ntl) (Alexander et al., 1999). That is, at the onset of
gastrulation in zebrafish, the expression of these genes was
detected in tissues that contribute to both the future mesoderm
and endoderm (Alexander et al., 1999; Rodaway et al., 1999;
Schulte-Merker et al., 1994). Like many other mix/bix genes,
the expression of z-mixer is transient during embryogenesis,
with expression being undetectable after ∼60% epiboly. Bonnie
and clyde (bon) mutants that express a truncated form of
zebrafish mixer fail to correctly form endoderm as demonstrated
by loss of expression of the endoderm specific transcription
factors, faust/gata5, casanova/sox32, and sox17 (Kikuchi et al.,
2000). A related mix/bix gene, mezzo, found by homology to
mixer (Poulain and Lepage, 2002), is also expressed at the
blastoderm margin. Morpholino knockdown experiments have
also demonstrated an essential role for mezzo in endoderm
specification that is non-redundant to the role of mixer (Poulain
and Lepage, 2002).
Zebrafish embryos injected with an mtx2 specific morpho-
lino (MO) arrest at the shield stage (Bruce et al., 2005). As
control embryos approach completion of epiboly, the most
ventral part of the yolk cell is enclosed via a purse-string
movement. The same movement occurs in mtx2 MO injected
embryos but results in yolk cell lysis because epiboly is stalled.
In this study, we analyzed the role of Mtx2 by detailed study of
the loss-of-function phenotype, and thus, interrogated the
mechanisms driving the morphogenetic movement of epiboly.Materials and methods
Zebrafish maintenance
Wild-type zebrafish stocks (Coburg Aquarium, Melbourne) were reared and
embryos were obtained as described (Westerfield, 1994). Embryos were
14 S.J. Wilkins et al. / Developmental Biology 314 (2008) 12–22incubated at 28.5 °C and staged according to Kimmel et al. (1995). All
experiments were performed subject to animal ethics committee approval (AEC
No. IMB/167/06/ARC).
Whole-mount RNA in situ hybridization
In situ hybridizations were performed as described previously (Nüsslein-
Volhard and Dahm, 2002). The riboprobes for goosecoid (Stachel et al., 1993),
gata5/faust (Reiter et al., 2001) and mixer were generated by standard
methods.
Morpholino design and cloning
Antisense morpholino oligonucleotides (MO) either specific for the
translational start site of mtx2 as described previously (Bruce et al., 2005),
or a standard negative control were obtained from Gene-Tools LLC (mtx2 MO:
5-CATTGAGTATTTTGCAGCTCTCTTG-3; std MO: 5-CCTCTTACCT-
CAGTTACAATTTATA-3). A 900-bp mtx2 cDNA fragment corresponding to
the open reading frame (ORF) was amplified by RT–PCR from shield-stage
zebrafish total RNA using the primers mtx2F, 5-CGCGGATCCTACTCAAT-
GAAAGACATGTG-3; and mtx2R, 5-GCTCTAGATGCTAAAGATCCATCT-
GGCCA-3. The amplified fragment was subcloned into pGEM®-Teasy
(Promega). BamHI and XbaI sites (italicized) within the primers were used
for directional cloning into the pCS2+vector (a gift from Dave Turner,
University of Michigan). Capped mtx2 RNA was then prepared from a NotI
linearized template using SP6-mMessage mMachine (Ambion/GeneWorks).
Microinjection
Injection into the yolk of zebrafish embryos was performed as previously
described at the two- to four-cell stage, or after mid-blastula transition (MBT),
up to high cell stage (Nasevicius and Ekker, 2000). Morpholinos were injected
with 2–5 nl of solution at a concentration of 0.25–1.0 ng/nl, mtx2 RNA at
25 ng/μl and SYTOX® Green or Orange, at 50 μM (Molecular Probes/
Invitrogen). Where it was convenient to follow the fate of the injectate without
interfering with fluorescence microscopy, rhodamine dextran (0.5% w/v
solution) in 0.2 M KCl was added before microinjection. Embryos were raised
in E3 media (Westerfield, 1994) at 28.5 °C and scored at time points up to
24 hpf. When co-injected with SYTOX® Green, embryos were manually de-
chorionated into E2 media with watch-maker forceps, mounted as described
previously (D'Amico and Cooper, 2001), and imaged on a Leica MZ16FA
fluorescent microscope with appropriate filter sets.
Spatial analysis of YSL nuclei (Ripley’s K-Function)
Wild-type (n=10) and mtx2MO injected embryos (n=6) were injected with
SYTOX green and then imaged at 7–8 hpf. The (x,y) coordinates of all YSL
nuclei within a defined field size were determined using the ImageJ program
(http://rsb.info.nih.gov/ij/index.html). The distance r from the centre of each
nucleus to the centre of every other nucleus in the field was calculated from (x,y)
coordinates. Linear transformation, L(r)− r, of Ripley's K-function was
calculated from these data as previously described (Hancock and Prior, 2005).
If complete spatial randomness (CSR) exists, L(r)− r=0. As clustering
increases, so does the value of L(r)− r, and as dispersion increases, the value
of L(r)− r decreases. Bootstrap tests to examine differences between replicated
point patterns for mtx2 and std MO injected embryo derived images were
constructed as described (Diggle et al., 2000) and statistical significance
evaluated against 1000 bootstrap samples.
Scanning electron microscopy
Embryos were fixed in 2.5% glutaraldehyde/4% PFA in PBS, then
dehydrated through 20–100% ethanol, critical-point dried, and platinum coated
for imaging in a 6300F JEM JEOL scanning electron microscope (JEOL PTY,
Tokyo, Japan) at 7 kV according to standard protocols. Images were acquired
through ImageSlave 2.14 software (OED, Hornsby, Australia).Rhodamine–phalloidin staining
Embryos were collected at 50–80% epiboly and fixed overnight in 4% PFA
(in PBST), washed 2× in PBS, dechorionated, and washed 2× PBST and 1×
PBST+1% DMSO. All washes were for 5 min. Embryos were incubated for 2 h
at room temperature in PBST+1% DMSO+10% BSA. Rhodamine–phalloidin
stock (80 μg/ml in methanol; Molecular Probes/Invitrogen) was diluted 1:10
and embryos were incubated for 1 h in the dark at room temperature. Embryos
were rinsed 2×5 min in PBST and counterstained in DAPI (1:5000; Molecular
Probes/Invitrogen) before being mounted in 1% low melting temperature
agarose for imaging on a fluorescence SMZ1500 microscope (Leica) or
TE-2000 C1 confocal microscope (Nikon).
Antibody staining and imaging
Embryos were fixed in microtubule association buffer (MAB) in the
presence of taxol as described (Gard, 1991). The embryos were washed twice in
1× PBS buffer, 1% fetal calf serum and 0.5% Triton X-100 (PBS-TX) before
manual dechorionation with watch-maker forceps followed by two additional
washes in PBS-TX. Embryos were transferred to blocking solution (PBS-TX
plus 1% v/v goat serum) for 1 h at room temperature, and indirect immuno-
fluorescence was performed as described (Pelegri et al., 1999; Topczewski and
Solnica-Krezel, 1999). A mouse monoclonal antibody to β-tubulin (Develop-
mental Biology Hybridoma Bank; mouse hybridoma, E7) was used at 1:400
dilution, and an anti-mouse Alexa 594 secondary antibody (Molecular Probes/
Invitrogen) was used at 1:1000 (all incubated at 4 °C overnight). Embryos were
also counterstained for 5 min with DAPI (4′,6-diamidino-2-phenylindole)
diluted 1:5000 from the 5-mg/ml stock solution (Molecular Probes/Invitrogen)
and then rinsed twice in PBS. Embryos were then mounted in 70% glycerol/PBT
and imaged by confocal microscopy using a 40× oil immersion lens and
appropriate filter sets (Leica). All images shown are projected z-stacks from
confocal optical sections.
Vibratome sectioning
Tg[Sox17:EGFP] embryos injected with either std MO or mtx2 MO were
fixed in 2% PFA overnight at 4 °C. Embryos were then washed in PBST twice,
dechorionated and mounted in 4% low melting point agarose and then cut into
200 μm thick sections using a Vibratome (Leica). Sections were then stained
with rhodamine–phalloidin (1:150) and DAPI (as described above) in PBT+1%
DMSO, before washing 3× in PBT. Embryos were imaged on a Nikon EZ-C1
confocal microscope using either a 20× multi-immersion, or 60× Apo water-
immersion, lens.
Image analysis and manipulation
All images were processed using Adobe Photoshop CS2 and figures
annotated in Adobe Illustrator CS2 (Adobe Systems, San Jose, CA).
Results
Mtx2 is essential for epiboly
To examine the function of mtx2 during zebrafish develop-
ment, we injected embryos with an antisense morpholino
oligonucleotide (MO) directed against the start codon of mtx2
mRNA (mtx2MO) to block translation, as previously described
(Bruce et al., 2005). Embryos injected with ∼5 ng of mtx2 MO
appeared similar to uninjected embryos or embryos injected
with a standard control MO (std MO) until the 30% epiboly
stage (4.6 hpf) (Figs. 1A and B), after which the blastoderm and
blastoderm margin of mtx2 MO injected embryos became
irregular (compare dashed and dotted lines, Figs. 1B and E). In
many embryos it was also difficult to identify the formation of
Fig. 1. Mtx2 is essential for epiboly. (A–F) Lateral views through epiboly, “D” and “V”mark dorsal and ventral sides of embryos, respectively. StdMO controls (A–C)
proceeded through epiboly normally. However, mtx2 MO injected embryos displayed an epiboly defect phenotype (D–F). Specifically, mtx2 MO injected embryos
appeared similar to controls until 30% epiboly. When controls reached shield stage (B), mtx2 MO injected embryos had an irregular blastoderm cap and blastoderm
margin (dashed and dotted lines, respectively, in panels B and D) and had not clearly specified a shield. Lysis of mtx2 MO injected embryos occurred, due to
blastoderm constriction (F), close to the timing of bud stage in stdMO embryos (C). (G) Survival rates for embryos injected with std or mtx2MO either early (two- to
four-cell stage), late (YSL) or with 100 pg mtx2 capped RNA (two- to four-cell stage). (H) Shield stage whole-mount in situ for mtx2 in a wild-type embryo, Nomarski
optical section. The I-YSL and blastoderm margin (BM) staining pattern is indicated. (I) A merged bright/dark-field image of a bud stage embryo injected at 1000 stage
with mtx2 MO and rhodamine dextran (RD).
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During subsequent development, mtx2 MO injected embryos
failed to progress through epiboly until, at the bud stage
(10 hpf), the usual vegetal closure of the blastoderm on the
unenclosed yolk caused it to lyse (Fig. 1F). The phenotype of
the mtx2MO injected embryos was highly penetrant (n=61/61;Fig. 1G). Titration of the mtx2MO to just 250 pg/embryo (∼20-
fold less than typical MO concentrations) was sufficient to
cause the phenotype; consequently, this concentration was
employed in all subsequent experiments described herein.
We were able to reliably rescue mtx2 morphants by co-
injection of capped RNA for mtx2 (33/40; Fig. 1G). Rescued
16 S.J. Wilkins et al. / Developmental Biology 314 (2008) 12–22embryos survived to 24 hpf and never (n=0/40) underwent yolk
lysis. However, many of these rescued embryos demonstrated
various developmental abnormalities that are consistent with
defects in other gastrulation movements (data not shown).
Injection of mtx2 capped RNA alone resulted in identical
abnormalities, suggesting these are the result of ectopic mtx2
overexpression rather than partial rescue. A similar phenotype
was recently reported in embryos injected with capped RNA of
the closely related mtx1 gene (Sakaguchi et al., 2006), which
shares high sequence similarity with mtx2 in the DNA binding
domain (Hirata et al., 2000) and in a previously unrecognized
C-terminal motif (Figure S1). In our hands, mtx1 capped RNA
co-injection did not rescue the mtx2 MO epiboly phenotype,
suggesting the two have non-redundant functions (data not
shown).
Mtx2 functions in the yolk syncytial layer (YSL)
mtx2 is specifically expressed in the internal YSL (I-YSL)
and marginal blastomeres (Fig. 1H; Hirata et al., 2000). We
tested whether knockdown of Mtx2 exclusively in the YSL was
sufficient to result in epiboly failure by co-injecting mtx2 or std
MO with rhodamine dextran (RD) into the yolk cell at the high
stage. Embryos which excluded RD from the blastoderm were
scored for epiboly defects and compared with embryos injected
at the two- to four-cell stage in which RD had incorporated into
the blastoderm. Epiboly defects were consistently observed in
embryos in which RD was restricted to the yolk (Fig. 1I) and
less than 50% of such embryos survived to 24 hpf (Fig. 1G).
Thus, loss of Mtx2 within the yolk cell is sufficient to block
epiboly. We therefore suggest the defects seen in embryos
injected at the two- to four-cell stage are due to the
physiological collapse of blastoderm margin cells, at the 512-
cell stage (2.75 hpf), when the YSL is first formed (Kimmel et
al., 1995).
The YSL forms but is disorganized in mtx2 morphants
The zebrafish YSL is essential for initiation and progression
of epiboly in teleosts (D'Amico and Cooper, 2001; Ho et al.,
1999; Solnica-Krezel and Driever, 1994; Trinkaus, 1993). As
mtx2 is normally expressed in the YSL, we investigated YSL
formation in mtx2 MO injected embryos. We injected the vital
dye SYTOX Green into the YSL at the 1000-cell stage, to
inspect the YSL nuclei (YSN), as described previously (Figs.
2A–C; D'Amico and Cooper, 2001). The YSN within the ring
at the blastoderm margin appeared normal in number and
morphology in embryos injected with mtx2 MO (Figs. 2D–F).
However, the internal YSN under the blastoderm were not
properly dispersed (Figs. 2G and H). We quantified the spatial
distributions of YSN using Ripley's K-function (Hancock and
Prior, 2005; Ripley, 1977; Ripley, 1979), which compares the
observed distributions of YSN with that expected for complete
spatial randomness (CSR; Fig. 2I). The initial negative
deflection of the L(r)− r curve outside of the CI for CSR seen
for both the wild-type (wt) and mtx2 MO embryos reflects YSN
diameter—that is the YSN cannot be closer than 10 μm becausethey would overlap. The L(r)− r value of b−1 reports this as
significant dispersal on a scale length of 10 μm (red shaded
region, Fig. 2I). Importantly however, the YSN of wild-type
embryos are also significantly (pb0.001) dispersed at greater
length scales, with a maximum incidence at 22 μm (dotted line in
Fig. 2I). This spatial organization is not seen in mtx2 MO
embryos on length scales N10 μm. However, as a caveat, there is
no evidence for an active aggregation process in the mtx2
morphants, which would be reflected by an L(r)−r N1, rather the
YSN appear to have simply lost their spatial constraints. We
conclude that the YSN of wild-type embryos are organized in a
non-random, dispersed distribution, whereas this organization is
lost in mtx2 morphants.
We next employed scanning electron microscopy (SEM) to
better observe the E-YSL, found between the blastoderm
margin and the exposed yolk (dashed box in Fig. 3A). The E-
YSL was visible by SEM in wild-type and stdMO embryos as a
continuation of plasma membrane microvilli, seen in the
overlying blastoderm. These microvilli co-localize with a
punctate F-actin band that is essential for epiboly progression
(Cheng et al., 2004; Rawson et al., 2000; Ulrich et al., 2005). In
wild-type, or std MO injected embryos, microvilli were densest
at the blastoderm margin, but also extended vegetally in a
graded manner for a distance of 50–60 μm (Figs. 3B and C). In
contrast, mtx2 MO injected embryos had vastly reduced
microvilli, both in density (Figs. 3E and F) and length (dashed
line Fig. 3E). The cell membranes of both the blastoderm (Fig.
3E) and yolk (Figs. 3E and F) appeared smoother, and both the
blastoderm margin and yolk/E-YSL margin (“BM” and “yolk”
in Fig. 3F) were clearly visible.
The F-actin ring does not form in mtx2 morphants
The absence of the E-YSL microvilli in mtx2 morphants, as
identified by SEM, suggested that the F-actin band of the E-
YSL might also be perturbed. A 10–16 μm wide punctate band
of filamentous actin (F-actin) has been described at the
periphery of the external yolk syncytial layer (E-YSL) and the
EVL margin from 50% epiboly onwards. This F-actin band is
considered to be critical for the progression of epiboly (Cheng et
al., 2004; Koppen et al., 2006; Zalik et al., 1999). Rhodamine–
phalloidin staining permits clear visualization of microfilament
structures such as F-actin in the EVL and yolk (white arrows
and asterisks, respectively, Figs. 4A and B). At shield stage, the
punctate F-actin ring is visible below the blastoderm margin in
stdMO injected embryos (yellow arrow, Fig. 4A). However, the
F-actin ring was either weakly formed, or failed to form at all, in
mtx2 MO injected embryos (Fig. 4B). Confocal microscopy
(Figs. 4C–N) further confirmed that the F-actin ring was
specifically fainter in mtx2 MO injected embryos, compared
with std MO injected embryos (yellow arrows Figs. 4D and J)
although there was some residual, disorganized staining. In
contrast, other previously described actin-based structures
(Cheng et al., 2004) were still visible in mtx2 MO injected
embryos, including the F-actin at the leading edge of the EVL
(white arrowheads Figs. 4G and M) and the network of cortical
actin at the margin of each EVL cell (white arrows, Figs. 4D and
Fig. 2. YSL nuclei are present but disordered in mtx2 morphants. (A–H) Fluorescence microscope images of SYTOX Green injected embryos. Wild-type (A–C) and
mtx2MO (D–F) injected embryos (two- to four-cell stage), injected at 1000-cell stage with SYTOXGreen. (A, D) Arrowheads indicate YSN at the blastodermmargin.
mtx2MO injected embryos have a similar collection of YSN at the blastoderm margin (arrowheads in panel D) but show an abnormal distribution of YSN in the inner
YSL (I-YSL), which persists (E) until just before yolk cell lysis (F) when the YSN disintegrate. High magnification, merged bright field/fluorescence imaging (G, H)
shows the majority of I-YSL nuclei are evenly spaced in wild-type embryos (G) but randomly distributed in mtx2 MO injected embryos (H). Scale bar=100 μm in
panel F (applies to panels A–F), panels G and H. (I) YSN spatial distribution analysis. At distances beyond the diameter of each YSL nucleus (shaded red zone), wild-
type YSN are dispersed with maximal deflection from complete spatial randomness (CSR) at r=22 μm (asterisk indicates significance p value b0.001). However, in
mtx2 morphants, the nuclei are randomly distributed. K-functions are means for wild-type (n=10) and mtx2MO (n=6) embryos, standardized on the 99% confidence
interval (CI).
17S.J. Wilkins et al. / Developmental Biology 314 (2008) 12–22J). Thus, actin is expressed in the absence of Mtx2 but is
disorganized specifically in the E-YSL. This suggests that Mtx2
may be required in the E-YSL for polymerization of actin rather
than actin expression per se.
Microtubules form another key component of the epiboly
machinery and interact with the YSN (Solnica-Krezel and
Driever, 1994). We consequently sought to examine the yolk
microtubule network in Mtx2 morphants by staining with an
antibody to β-tubulin (Figs. 4O and P). A microtubule network
emanating from the E-YSL (counterstained with SYTOX
Green) was observed in both std MO and mtx2 MO injected
embryos at 70% epiboly. Microtubule extensions towards the
vegetal pole, and a latticework at the vegetal pole were seen in
both mtx2 MO injected embryos and controls. Although thissuggests expression of β-tubulin in the absence of Mtx2, subtle
differences in architecture may be present, even if simply due to
the failure of mtx2morphant embryos to progress as far through
epiboly.
Mtx2 is not required for specification of mesendoderm
Mixer/bon plays a key role in endoderm specification and
differentiation (Alexander et al., 1999; Henry and Melton,
1998; Trinh et al., 2003). Bonnie and clyde (bon) embryos,
which have no functional mixer, exhibit reduced numbers
of cells expressing endoderm specific transcripts faust/gata5,
casanova/sox32, and sox17 (Alexander et al., 1999; Poulain
and Lepage, 2002; Stainier et al., 1996). Because mtx2 is
Fig. 3. Scanning electron microscopy of the E-YSL. (A–F) Scanning electron microscopy of stdMO and mtx2MO injected embryos at 70–80% epiboly. The region
between the blastoderm and the yolk (dashed box in panels A and D) is the site of the external yolk syncytial layer (E-YSL). 2000× magnification (B, C, E and F)
reveals that std MO embryos (B, C) have extensive membrane folding in a region ∼50–60 μm long (dashed line in panel B) that obscures the blastoderm margin/
E-YSL border (“BM” in panel B) and also the E-YSL/yolk border (“Yolk” in panel B). The membrane folding is most extensive closest to the blastoderm margin and
decreases vegetally (C). In contrast, mtx2MO embryos (E, F) have greatly reduced membrane folding, such that the margins of the E-YSL (“BM” and “yolk” in panel
E) can both be seen. Yolk membrane folding is also reduced (F).
18 S.J. Wilkins et al. / Developmental Biology 314 (2008) 12–22expressed in a similar domain to mixer, we examined the
expression of the endoderm genes, faust/GATA5 and mixer in
mtx2 MO injected embryos. Although the blastoderm margin
is irregular, expression of both of these transcripts is apparently
normal (Figs. 5A, B, D and E). Thus, unlike Mixer and Mezzo,
Mtx2 appears to play no role in endoderm specification. Paired
homeodomain proteins are known to play key roles in dorsal–
ventral patterning. For example, bozozok embryos, which carry
a mutation in the paired homeodomain transcription factor
dharma, fail to form an embryonic shield and fail to express
shield specific transcripts such as goosecoid and chordin
(Fekany et al., 1999; Yamanaka et al., 1998). Additionally,
many mtx2 MO injected embryos appeared to (morphologi-
cally) lack a shield (Fig. 1E). Therefore, we were interested to
examine shield specification in mtx2 morphants. We found
goosecoid was expressed in mtx2 MO injected embryos (Figs.
5C and F). However, the decreased goosecoid expression level
seen may reflect an additional role for Mtx2 in specification of
the dorsal–ventral axis (see also Fig. 1F).
Mesendoderm morphogenetic movements are also
Mtx2-dependent
Previous work also suggested that endoderm specification
was normal in mtx2 MO injected embryos, as evidenced by
whole-mount in situs for sox17 (Bruce et al., 2005). However,
this was based on detection of sox17+ dorsal forerunner cells
only. To further investigate the nature of any germ layer defect
that existed, we injected mtx2 MO or std MO into a transgenic
zebrafish strain which contains the green fluorescent protein
gene EGFP under the control of the sox17 promoter, hereafter
referred to as Tg[sox17:EGFP] (work describing the genera-
tion of this transgenic line is currently in preparation for
separate publication). The Tg[sox17:EGFP] line expresses
EGFP in Sox17+ cells from as early as 60–70% epiboly, but
otherwise develops normally. Using this transgenic strain, wewere able to follow the development of endoderm in the
presence of either std MO or mtx2 MO (Fig. 6). std MO
injected Tg[sox17:EGFP] embryos (Figs. 6A–C) were
observed to develop normally with the identical “salt and
pepper” endoderm pattern seen by sox17 in situ (Fig. 6E).
YSL injection of SYTOX™ Orange into these embryos (as
described previously for SYTOX™ Green) demonstrates that
GFP+(Sox17+) cells are distinct from YSN (Fig. 5C) and
appear to outnumber YSN by a ratio of 4:1. The dorsal
forerunner cells (DFCs; arrowheads, Figs. 6A and B) had the
brightest GFP+ signal and were easily observed, even by
fluorescence microscopy from shield stage onwards (asterisk
Figure S2). DFCs moved vegetally with the progression of
epiboly. Surprisingly, axial mesodermal cells were also faintly
visible in Tg[sox17:EGFP] embryos (white arrows, Figs. 6A
and B), converging on the dorsal margin in late epiboly stages
(Figs. 6A and B, dashed line).
Similar numbers of GFP+ cells were detected in mtx2 MO
injected Tg[sox17:EGFP] embryos, compared to std MO
equivalent staged embryos. However, these cells failed to
converge on the dorsal midline. The DFCs (arrowheads Figs.
6D–F) progressed vegetally, at least as far as the blastoderm
margin proceeded, but not further. Axial mesoderm also
converged on the dorsal axis less successfully in mtx2 mor-
phants, even at the later stage of yolk cell lysis (Fig. 6F). This
further suggests the morphogenetic movement of convergence
is Mtx2-dependent.
Thus, our data suggest that epiboly and, to a lesser degree,
convergent extension, are affected in mtx2 MO injected
embryos. However, we also note that not all morphogenetic
movements appear to be dependent on Mtx2. Sectioning of std
MO or mtx2 MO injected Tg[sox17:EGFP] embryos (Figure
S3A–G) suggested that emboly, the internalization of DEL cells
to form the hypoblast, still occurs in the absence of Mtx2
(Figure S3D–G). This is significant, as the hypoblast represents
the cells that form mesendoderm (schematic Figure S3).
Fig. 4. Cytoskeletal elements of the zebrafish yolk during epiboly. (A, B) Rhodamine–phalloidin (RP) stained embryos at 60% epiboly, pre-injected with stdMO (A)
or mtx2 MO (B). RP stains the (vegetal) actin mat (asterisks), the F-actin ring of the E-YSL (yellow arrow in panel A only) and peripheral F-actin within EVL cells
(white arrows). (C–N) Confocal analysis of RP (D, G, J, M) and DAPI (C, F, I, L) stained 60% epiboly stage embryos. (G–L) stdMO embryos have a punctate F-actin
ring, vegetal to the blastoderm margin (yellow arrows in panel D). Detail of the dotted box in panel E is shown in panels F–H. (I–N) mtx2MO injected embryos also
stain the periphery of EVL cells (white arrows in panels D, J), the leading edge of the EVL (white arrowheads in panels G, M), but not the punctate F-actin ring (yellow
arrows in panel J). In std MO controls the larger DAPI stained nuclei (in panels F, H) are EVL nuclei that have migrated past the, smaller, deep layer nuclei. These
nuclei are less obvious in mtx2MO embryos (L, N). (O, P) Confocal image projection of microtubule organization at 70% epiboly (β-tubulin immunofluorescence). A
microtubule network is present in both std and mtx2 MO injected embryos (arrow in panels O and P). All nuclei (including YSN) were counterstained with SYTOX
Green (arrowhead in panels O and P). Overlapping tubulin/SYTOX staining patterns result in “yellow” fluorescence.
19S.J. Wilkins et al. / Developmental Biology 314 (2008) 12–22Examination of blastodermal cross-sections at higher magnifi-
cation further suggests that although internalization of DEL
cells occurs in mtx2 MO injected embryos, the failure of the
blastoderm to spread vegetally during epiboly appears to result
in a thickening of the DEL (Figure S3C,F), such that by the time
control embryos reach 80% epiboly, the DEL of mtx2 MO
injected embryos is nearly twice as thick (8–10 cells compared
with 4–6 cells in controls).Discussion
We have confirmed a previous report that Mtx2 acts within
the YSL to regulate zebrafish epiboly (Bruce et al., 2005) and
demonstrated specificity of the phenotype by capped RNA
rescue. Titration of the mtx2-specific morpholino (MO) dose to
significantly lower levels than in previous work still resulted in
a highly penetrant phenotype. This lower dose also allowed us
Fig. 5. Normal endoderm and shield specification in mtx2 morphants. Whole-mount in situ hybridization for faust/gata5 (A, D) and mixer (B, E) shows endoderm
specification in mtx2MO injected embryos (D, E). The blastoderm margin appears a little irregular in mtx2MO injected embryos (D–F). Goosecoid (gsc) is expressed
in the shield of mtx2MO injected embryos (F) but is reduced when compared with stdMO injected embryos (C). All embryos are at shield stage. Panels A and D are
animal pole views; panels B and E are lateral or oblique views; panels C and F are dorsal midline views. AP=animal pole, VP=vegetal pole. Scale bar=200 μm in
panel A (applies to panels A–F).
20 S.J. Wilkins et al. / Developmental Biology 314 (2008) 12–22to observe the close correlation in timing between blastoderm
closure of standard controls and lysis of mtx2 MO injected
embryos.
Previous work has shown that, during development, some
genes regulate morphogenetic movements (e-cadherin; Kane et
al., 2005; Shimizu et al., 2005), germ layer specification (sox32;
Kikuchi et al., 2001), or may even have roles in both (gata6;
Fletcher et al., 2006). We now show, by analysis of the Tg
[sox17:EGFP] transgenic line and SYTOX green injection, that
Mtx2 regulates morphogenetic movements, but not specifica-
tion, of the embryonic germ layers and the extra-embryonic YSL
nuclei. This result was surprising as most mix/bix family genesFig. 6. Morphogenetic movements of mesendoderm are disrupted in mtx2 MO inje
injected transgenic [sox17:EGFP+] embryos. std MO injected embryos at 80% epib
dorsal forerunner cells (DFC) showing the highest GFP+ expression (arrowheads in p
are faintly visible (arrows) converging on the midline (dashed line) in panel A. (C) SY
EGFP+ cells outnumber YSN by approximately 4:1. In mtx2MO injected Tg[sox17:E
descend vegetally. An unknown, circumferential ring-like structure was also visibl
mesoderm cells in mtx2 MO injected embryos are broadly spread out (arrows in pane
before yolk lysis (F). (G–J) The sox17 expression pattern in std MO (G, H) and mtx
pattern seen in the Tg[sox17:EGFP] line. Scale bar=200 μm in panel D (applies toare thought to have roles in mesendoderm specification (Kofron
et al., 2004; Lemaire et al., 1998; Poulain and Lepage, 2002).
Interestingly, not all the morphogenetic movements of gastru-
lation appear to be Mtx2-dependent. The doming of the yolk
and initial spreading of the blastoderm occurs, which suggests
Mtx2 does not regulate radial intercalation, or presumably
E-cadherin levels, of DEL cells (Kane et al., 2005; Shimizu et al.,
2005). Furthermore, sectioning of mtx2MO injected Tg[sox17:
EGFP] embryos demonstrates that DEL cell involution, or
emboly, occurs in the absence of Mtx2 (Figure S3).
As mtx2 itself does not have an obvious homolog in
mammals, it is difficult to show conservation of function,cted embryos. Live confocal imaging of std MO (A–C) and mtx2 MO (D–F)
oly (A, B) show the same expression pattern seen in sox17 in situs (G–J), with
anels A and B). Axial mesoderm is not thought to express Sox17, but these cells
TOX-orange injection into the YSL of Tg[sox17:EGFP+] embryos shows Sox17:
GFP+] embryos, GFP+ cells are detected (D, E), but are disorganized and fail to
e in mtx2 MO injected embryos at this time point (asterisk in panel D). Axial
l D) from the midline (vertical dashed line in panels D–F) even at the last stage
2 MO (I, J) injected embryos at 60–70% epiboly parallel the GFP fluorescence
panels A–F), 100 μm in panel G (applies to panels G–J).
21S.J. Wilkins et al. / Developmental Biology 314 (2008) 12–22however, gene knockout of the only mouse mix-homeobox
gene, Mixl1, results in a foreshortened body axis and thickened
primitive streak, strongly suggesting defects in gastrulation
movements (Hart et al., 2002). Thus, we suggest regulation of
gastrulation movements may be a conserved, and previously
overlooked, functional role of other Mix/Bix family members
and could be a focus for future work.
In the present study, we also identify a mechanism whereby
Mtx2 may exert these effects by demonstrating that formation of
an F-actin ring in the YSL is Mtx2-dependent. This F-actin
structure normally provides a contractile force necessary for
epiboly progression (Cheng et al., 2004; Koppen et al., 2006). It
is also suggested to be directly involved in connecting the EVL
to the YSL and is associated with a domain of active membrane
endocytosis and remodeling (Cheng et al., 2004; Zalik et al.,
1999). In addition, the reduction in membrane folding of the E-
YSL, as seen by SEM, and the specific loss of the F-actin band
are consistent with the YSL specific expression pattern of mtx2,
suggesting that Mtx2 may directly regulate their formation.
However, despite the loss of the F-actin band, mtx2 MO
injected embryos lyse due to contractile forces closely timed to
epiboly completion in wild-type embryos. Thus, a second
mechanism, not disrupted in the absence of Mtx2, presumably
drives this contraction, as well as epiboly completion, in wild-
type embryos. To our knowledge, this is the first evidence of
genetic dissociation of these two mechanisms driving epiboly
and would be worthy of further investigation.
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